Movies revealed a progressive change in orientation of birefringent elements from nearly parallel to the cell's main axis in relaxed cells to increasingly larger angles to the cell's axis as contraction progressed, Phase-contrast microscopy revealed a change in filamentous components, from being parallel to the cell's axis in relaxed cells to being in an undulating or helical pattern during contraction.
Cell shape tended to follow the configuration of the filamentous component. Electron microscopy of muscle strips corroborated the observations of living cells and substantiated the conclusion that filaments change their orientation from parallel to oblique (with respect to the cell's axis) during shortening with an undulating or helical pattern of filaments in shortened muscles.
Bufo marinus;
isolated smooth muscle cells; birefringence; polarization microscopy; cinemicrography; electron microscopy; smooth muscle contraction; filaments THE DEGREE OF ORDER in the array of thick and thin filaments in vertebrate smooth muscle is controversial, especially with regard to what changes occur in the arrangement of filaments during contraction. There are two main approaches that have been used to obtain information about structure and order in smooth muscles. The first is "physical" measurements of living material (e.g., X-ray or optical diffraction, birefringence) in cases where the structures themselves need not be seen to obtain information. The second method is to use various types of microscopy on either living or preserved material to obtain visual information. With striated muscles, both physical and visual information may be obtained simultaneously, due to their high degree of order and the ease of obtaining single fibers from them. In the case of vertebrate smooth muscles, the difficulty in viewing directly the order within living cells has led to predominantly-physical measurements being made with living materials, with visual information being obtained from preserved material.
Prior to the use of the electron microscope, it was not known that contractile proteins existed as organized filaments, but the degree of order and orientation of "micelles" in muscles could be studied by birefringence measurements. Bozler and Cottrell in 1937 (5) and Fischer in 1944 (13) made measurements of birefringence in smooth muscles contracted to different degrees or passively stretched to different lengths. They both noted that smooth muscles increased their birefringence with increasing length. Striated muscles also increased birefringence with stretch, but not as markedly. There was no significant change in birefringence in either smooth or striated muscles with isometric contractions. While there was an increase in crystalline birefringence or that due to the "intramicellar" (intrafilament) order during stretch, about two-thirds of the increase was due to increased form birefringence, or that due to "intermicellar" (interfilament) order (13). Bozler and Cottrell (5) attributed part of the change in birefringence as due to a change in orientation of contractile elements. In the same period, Roskin (30) described a "corkscrew" arrangement of contractile elements which he saw near the ends of contracted smooth muscle cells. Although such a realignment of contractile elements would help to explain the diminution of birefringence in the original axis upon shortening, Fischer (13) dismissed the corkscrew structure as an artifact caused by inactive cells being pushed together by active contraction of surrounding cells.
The advent of the electron microscope should have helped to decide whether filaments changed their orientation during contraction. However, smooth muscle proved to be more difficult to preserve than striated muscles, and it took several years before fixation techniques were developed which preserved both thick (myosin-containing) and thin (actin-containing) filaments in mammalian smooth muscles (8, 17, 26, 28, 31. 34) . In the process of attempting to prove that two types of filament existed, a third type, the intermediate filament is now recognized (28, 34) . Its composition has not been satisfactorily determined (34).
There were several studies of filament orientation during contraction using electron microscopy prior to the development of adequate fixation. Lane in 1965 (22) concluded that the filaments are oriented randomly in relaxed muscle, while the filaments become more nearly parallel to the long axis of the cell after contraction. Rosenbluth (29) described an oblique arrangement of filaments in both relaxed and contracted smooth muscles. Needham and Shoenberg (25) and Conti et al. (7) concluded filaments remained parallel to the cell axis during contraction.
Although one could attribute the lack of agreement to inadequate preservation, since none of these studies showed well-preserved thick filaments, the general orientation of the filaments which were present supported the contentions of the investigators. A more likely explanation is differences in the degree of shortening or the amount of tension being produced during fixation.
The development of techniques for isolating single smooth muscle cells (4, 21, 24, 32 ) has led to a renewed interest in filament orientation.
Fay and Delise (ll), utilizing electron micrographs of isolated cells, have proposed a reorientation of filaments from an arrangement more or less parallel to the cell membrane in relaxed cells to a more angled orientation in contracted cells. Using polarization and phase-contrast microscopy of isolated cells treated with ATP to produce contraction, Small (32) has proposed the existence of myofibrils which are arranged slightly oblique to the cell axis in relaxed cells, while contraction results in the myofibrils becoming more angled with respect to the cell's long axis. Fisher and Bagby (15, 16) (2-4, 10, 11, 14, E) , elevated K+ (4, 10, ll), as well as to acetylcholine (11, 12, 34) . On these bases, we assume minimal damage due to separation techniques.
Polarization Microscopy
Cells were suspended in physiological saline (3) and viewed with a Nikon SuKE microscopy equipped with polarizing optics and a rotating stage. The polarizer and analyzer were crossed for all observations. Still pictures were recorded on Kodak Tri-X film.
Unless it is otherwise stated, cells were oriented (by rotating the microscope stage) such that the cell to be studied exhibited maximum birefringence.
To determine the orientation of birefringent elements before or after contraction, the stage was rotated, and the pattern of birefringence at several different angles (with respect to the original orientation) was photographically recorded. Under these conditions, where angle of orientation of the specimen with respect to the orientation of the polarizer is the only variable, intensity of birefringence is related to the orientation of the birefringent material, i.e., the orientation of the major axis of the material with respect to the plane of polarized light (36).
To determine absolute orientation of birefringent elements, in addition to determining change in orientation relative to the original orientation, striated muscle fibers teased from the sartorius muscle of Bufo marinus were sometimes placed among the isolated smooth muscle cells. The stage was then rotated until the striated muscle fiber exhibited maximum birefringence.
Smooth muscle cells parallel to the striated muscle fiber were then observed during rotation of the stage to determine whether both cell types displayed maximum birefringence at the same angle with respect to the plane of polarized light.
At first, still pictures were taken before and after contraction to determine whether changes in filament orientation had occurred. However, it was noted that intermediate stages of contraction were often more informative than the end points. To provide a continuous record of events during contraction, a Bolex H16 movie camera and Wild Cine-focusing tube were used. A Wild Heerbrugg Xl30150 Xenon illuminator was employed to achieve the necessary light intensity for movie recording. Kodak 4X (ASA 400) was used to record the lowintensity images, and it was sometimes necessary to employ prolonged development, increasing effective ASA to 800 or 1,600, to obtain useable records. Stimulation of the cells was by single square-wave pulses from a Grass S44 stimulator through an SIU5 isolation unit to silver strips painted on a microscope slide (20) . The beginning of stimulus was recorded on the film using a light-marker system designed by Klipple and Bagby (20) l c7 phase-contrast optics and tungsten illumination were employed. High-magnification still pictures were taken with a Wild M-20 microscope.
Kodak Tri-X (ASA 200 for 16-mm movie film, ASA 400 for 35 mm film) was utilized to record events.
Electron Microscopy
Strips of the circular smooth muscle layer of the stomach of Bufo marinus were prepared as described by Bagby et al. (4) . The strips were fixed extended, or after shortening to high K+, acetylcholine, or electrical stimulation. Muscles were not heavily loaded so that a greater degree of shortening could be achieved. Fixation was by means of ice-cold I ) 2% osmic acid in 0.1 M cacodylate buffer, pH 7.4; 2) 2 parts 5% osmic acid in distilled water:3 parts physiological saline; or 3) 2-5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, followed by postfixation in 2% osmic acid in 0.1 M cacodylate buffer, pH 7.4. Tissues were dehydrated with icecold, graded concentrations of acetone and embedded in araldite.
A technique involving the use of thick sections for transmission electron microscopy (TEM) was developed because the thicker sections provided a closer approximation to whole-cell viewing than TEM normally permits. Thick sections of l/4-l/2 pm were picked up with a wire loop and allowed to dry on freshly cleaved mica. Three percent NaOH in absolute ethanol was used to remove most of the embedding medium (23). The sections were then carbon coated in a Denton DV 515 vacuum evaporator.
The carbon coat and adhering sections were floated off the mica onto the surface of a tray of distilled water and were picked up on grids for viewing.
Thin sections were obtained by conventional means with glass knives and were stained with uranyl acetate and lead citrate (27) . Thick and thin sections were viewed with 50-80 kV accelerating voltage on a JEM 6C transmission electron microscope.
RESULTS

Polarization Microscopy
Static observations. Isolated cells revealed a variety of appearances with polarization optics. Some cells exhibited nearly uniform birefringence.
However, most cells, especially those whose length (2) or shape (3, 10, 11, 14, 15) indicated partial contraction, revealed quite striking patterns of discontinuous birefringence. The most common features of these patterns were birefringent triangles whose bases were aligned with the cell border ( Fig. 1) . In some cases this led to a dark zig-zag through the long axis of the cell (Fig. lB) . Since the longer cells were the ones that exhibited more uniform birefringence, it seemed that the discontinuous patterns were correlated with contraction.
However, the cells shown in Fig. 1 were oriented at random angles with respect to the plane of the polarized light. It was necessary to determine whether the same cell would reveal uniform birefringence at one angle and discontinuous birefringence at others. Cells, which by their length and shape (2, 3, 10) were judged to be relaxed (2), were photographed at several different angles with respect to the plane of polarized light by rotating the stage. Figure 2 shows that such a cell did not exhibit the patterns seen in Fig. 1 . There is a range of 10-20" where the birefringence is maximal or near maximal.
The angle of maximum birefringence was taken as the midpoint of this range. It was found that, within the limits of error, birefringent elements within relaxed smooth muscle cells had the same orientation as birefringent elements within striated muscles, i.e., parallel to the cell axis. However, cells which were partially contracted would occasionally exhibit nearly uniform birefringence at certain angles while exhibiting the patterns seen in Fig. 1 tion produced the discontinuous patterns, to rotate each cell prior to filming to ensure that a discontinuous pattern was not already present at some other angle.
Dynamic observations. Figure 3 shows a movie sequence of a cell oriented so that prior to contraction maximum birefringence was seen (Fig. 24 ). As the cell contracted (Fig. 2, BJ) , a pattern of birefringence developed where some regions of the cell retained their original birefringence while others exhibited minimum birefringence.
During contraction, birefringence changes began at the ends of the cell and proceeded toward the middle. In extreme contraction, the cell nearly disappeared due to loss of birefringence in the original plane (Fig. 20 . Rotation of the stage (Fig. 2 , K, L) restored some of the birefringence, but any particular angle of rotation revealed only part of the original birefringence. Although the equipment did not allow quantitative measurement of birefringence intensity, it was easily determined that the total birefringence at all angles in the contracted cell is much less than the birefringence of the relaxed cell in the original plane. The figure also demonstrates that the patterns seen in Fig. 1 do not develop over the entire cell simultaneously. The regions of discontinuous birefringence were limited to the region of the cell where shortening was occurring.
Phase Contrast-Microscopy Static observations. Isolated cells revealed some interesting features. It was found, for example, that cells which would respond to electrical stimulation appeared highly refractile (Fig. 4 , A-C) while those which would not were much less refractile and had less contrast (Fig.  4, D-F) .
While the basis of these appearances is not known, the visual differences between responsive and nonresponsive cells were helpful in assessing which cells were intact and which were damaged or dead. Many nonresponsive cells had a coiled shape or an intracellular undulation of material (Fig. 4, D-F) . In some cases these cells were swollen, leaving an undulating or helical structure clearly defined as a separate entity not dependent upon cell shape (Fig. 4F) . A coiled or undulating configuration was also occasionally seen in responsive cells, but degree of flexion was less.
Filamentous components were sometimes observed with high magnifications of responsive cells (Fig. 5) . In partially contracted
[as judged by cell length (2), shape (3, 10, 11, 14, 18 , and wrinkling of the membrane (10, 11, 14, 181 responsive cells, these filamentous components seemed to have an undulating or helical configuration with the cell shape following, to a certain extent, the outlines of the filamentous component (Fig. 5 , B, C). At these high magnifications, "optical sectioning" by focusing at different levels revealed that in most cases the undulations were not in one plane, but were the projection of a helical configuration.
The thicker regions wise 20" (K) and 43" (L near the middle of the cell cannot coil upon themselves to the same extent as the thinner ends. It was in these thicker regions where the interior filamentous component was most easily discerned as having an orientation different from that of the cell axis (Fig. 515') . At the end of a maximal contraction, the helical configuration is not evident, with the cell membrane much wrinkled (Fig. 4C, 5D ) and the interior cytoplasmic organization difficult to discern.
Dynamic observations. A movie sequence of one end of a contracting cell is shown in Fig. 6 . A cell whose end which showed no evidence of coiling prior to stimulation was purposely chosen to determine whether coiling was due to contraction. Prior to contraction, the cytoplasm appeared uniform (Fig. 6A) . As contraction began there was the appearance of a somewhat irregular coiling (Fig. K') , and as contraction proceeded the coiling increased (Fig. 6, D-E) until individual turns were difficult to discern and the end of the cell became shaped much like the end of a corkscrew (Fig. 6E) . The helical configuration spread from the ends of the cell toward the middle in most cases, although in a few cases the helical configuration appeared first at other regions. As with the birefringence change, the helical configuration was associated with those regions of the cell which had shortened during contraction.
Electron Microscopy
Regardless of the method used for producing shortening or the method used for fixation, preparations fixed while shortened were found to have filaments in an undulating pattern while preparations fixed extended showed filaments running more nearly parallel to the axis of the cell. Figure 8A shows a thin longitudinal section of an extended preparation. Myofilaments are abundant, parallel to each other, and as far as can be determined, parallel to the cell axis. Figure 7 shows the configuration representative of cells from shortened strips in a thick section. The thickness of the section does not permit one to easily resolve individual filaments, but the undulating pattern which was seen with phase-contrast optics is apparent and seems to be formed by the filaments themselves. Furthermore, the undulation is apparently not planar since complete cycles are not often included within the section. This is more apparent in the thin-sectioned material. In Fig.  8B , one can clearly discern that some of the longitudi- nally sectioned filaments are oriented in an open loop, whereas in other regions the filaments are seen in cross section. Relatively few filaments are parallel to the cell axis. Figure 3C shows a transverse thin section of a contracted preparation. Longitudinally sectioned filaments are found in a circular orientation near the middle of the cell, whereas in other areas the filaments are seen in cross section or are cut obliquely. Thus, results from both thick and thin-sectioned material give evidence for a change in orientation of filaments during contraction.
Furtherfore, the orientation of filaments does not appear to be "random"
[as observed by Fay and Delise (1111 within the range of lengths observed in the present study. There is a pattern to the reoriented filaments which is regular enough to warrant a more appropriate designation than "random."
DISCUSSION
Polarization Microscopy
Background for interpretation of birefringence. Birefringence is of two general types: intrinsic or crystalline birefringence which is caused by a regular assymetry of the lattice "within" a macromolecule or within a crystal and form birefringence which is due to the ordered arrangement "between" separate entities (13). Striated muscle owes the greatest part of its birefringence to its myofilaments, primarily to the thick filaments found in the A band (18, 35), although tropomyosin makes some contribution to the birefringence (35). The basis for birefringence of smooth muscle is not so well known, but it is presumed to be due also to the contractile filaments. In both smooth and striated muscle, imbibition studies by Fischer (13) with preserved muscles revealed that 35% of the birefringence is due to crystalline birefringence, 65% is due to form birefringence.
Furthermore, it is primarily the form birefringence which increases during stretch and decreases with shortening. Whereas striated muscle also undergoes changes in form birefringence with changes in length, the changes are much smaller than those observed in smooth muscle (13).
Although there may be other minor sources of birefringence, we made the assumption that in smooth muscle, as in striated muscle, the filaments are the major sources of birefringence.
We realize the cell. membrane changes its configuration during contraction (Figs. 4 and 51, but we assume that the membrane itself doesn't contribute substantially to the total birefringence in either the extended or the shortened cell. From electron micrographs of smooth muscle by others (8, 10, 11, 17, 25, 28, 29, 33, 34) and from our own observations, the preponderance of filaments and the scarcity of other ordered structures lead us to believe our assumptions are warranted.
We did not, however, make any assumptions as to which particular filaments (thick, thin, or intermediate) contribute most to the birefringence. Diminution of birefringence in the original plane may be due to: 1) a decrease in intrafilament order leading to a decrease in crystalline birefringence (35) (A structure having a decrease in crystalline birefringence alone should still exhibit its maximum birefringence at the original angle to the plane of polarized light.); 2) a change in refractive index of fluid between elements, leading to a change in form birefringence (18); 3) a change in the interfilament spacing, an increase in spacing leading to a decrease in form birefringence (35) (An increase in spacing alone would not change the angle at which maximum birefringence occurs.]; 4) a net change in the orientation of the birefringent material, such as all filaments or bundles of filaments changing their orientation with respect to the cell axis, but remaining parallel to each other, leading to a decrease in form birefringence; and 5) a change from birefringent elements being parallel to each other to one in which they make some angle with each other, leading to decreased form birefringence.
Since the filaments or bundles of filaments are themselves intrinsically birefringent (18, 35), if these filaments cross each other at a sufficient angle, the region of crossing should exhibit a marked decrease in birefringence, regardless of orientation of the specimen to the plane of polarized light (34 (5) concluded that most of the change in total birefringence in shortening muscles was due to changes in form birefringence, and there is no evidence to the contrary, we make the assumption that the changes we have seen in contracted cells are primarily due to changes in form birefringence. Interpretation of birefringence in isolated cells. It is possible to have the angle of maximum birefringence coinciding with the angle at which uniform birefringence is seen without birefringent elements being parallel to each other if the bisectors of the angles between birefringent elements coincide. If the bisectors of these angles also fall along the cell axis, then birefringent elements could be at a considerable angle to each other and would give the same appearance as a cell in which the birefringent elements were parallel to the cell axis. However, at other angles to the plane of polarized light, such an arrangement would produce discontinuous birefringence patterns at the areas of overlap unless the overlapping areas were distributed perfectly uniformly. Fully extended cells did not show discontinuous patterns of birefringence such as those in Fig. 1 , regardless of the angle the cell axis made with the plane of polarized light (Fig. 2) . Since the angle of maximum birefringence in a smooth muscle cell coincided with or nearly coincided with that of striated muscle fibers, where the orientation of birefringent elements is parallel to the cell axis, we conclude that in extended cells the birefringent elements are nearly parallel to the cell axis and that the birefringent elements must be sufficiently parallel to each other such that overlapping elements do not negate birefringence.
(See 5 in the previous section.) Whereas the absence of discontinuous birefringence in extended cells does not mean that there is no segregation of birefringent and nonbirefringent classes of filaments, it does mean that any areas of segregation are either quite small or sufficiently random to escape detection. The fibrils seen by Small (32) in chicken gizzard, guinea pig taenia coli, and vas deferens cells treated with Triton-X did not show discontinuities, again emphasizing the apparent lack of segregation of filaments. These results are in contradiction to the electron microscopic study by Heumann (17) which shows segregation of thick (presumably birefringent) and thin (presumably much less birefringent) filaments in relaxed mouse taenia coli. Higher resolution studies with polarization microscopy are needed to resolve the contradiction. and a change in the angle the cell must make with the plane of polarized light to exhibit maximum birefringence.
The fact that a maximally contracted cell (Fig. 3L ) may lose all birefringence in the original plane, but still exhibit birefringence in another plane (Fig. 3) means that reorientation of birefringent elements has occurred.
(See 4 and 5 in the previous section.)
Since the total birefringence seen prior to shortening (Fig. 3A) is never restored, regardless of the angle to which the specimen is rotated (Fig. 3, J, K, L) , it means that birefringent elements must cross each other at angles close t&90' in many portions of the cell. (See 5 in the previous secti .on .) The fact that maximum birefringence is seen only at a considerable angle to the original&s of maximum birefringence means that the birefringent elements have undergone a large change in orientation.
Although the figure which was used to illustrate this change (Fig. 3) only shows angles up to 43", we have seen contracted cells where the angle of maximum birefringence is nearly perpendicular to the cell axis. Whereas the angle of maximum birefringence (with respect to the cell axis) is not necessarily equivalent to the angle the birefringent material makes with the cell axis, in order for the angle of maximum birefringence to be perpendicular to the cell birefringent elements must be axis, orien the majority of ted at angles greater than 45' to the cell axis. The discontinuous patterns also il lustrate that the change in orientation is not due to a strictly random orientation, since this would lead to a uniform loss of form birefringence, regardless of the polarized 1 ight.
angle the cell makes with the plane of
In contrast
to what is seen in smooth muscle, in striated muscles a discontinuous pattern in extend .ed cells changes to a more continuous pattern during shortening due to the movement of the weakly birefringent I band into the strongly birefringent A band (18). From electron microscopic studies, we now know that loss of form birefringence in striated muscle during shortening is not due to change in orientation of the filament axes, although extension of cross-bridges may be involved (19, 35) .
Huxley (18) considered that the decrease in birefringence was due to a change in the refractive index of the medium surrounding the thick filaments, either due to the loss of water or gaining solutes. It is the opinion of Taylor (35) that the increasing space between thick filaments as contraction proceeds (6, 19) also plays a part in the diminished form birefringence. Elliot et al. (9) have commented about the possible roles of interfilament fluid movement and the meaning of increased spacing of filaments.
Unfortunately, data on the spacing changes of filaments and possible fluid changes between filaments and their surrounding medium have not been publi shed for smooth muscles, and the contribution of these effects (2 and 3 i n the pre vious section) to the change in form birefringence in smooth muscle cannot be estimated. Although smooth muscle undo ubtedly shares many of the characteristics of striated muscle which lead to changes in birefringence, the change in orientation of major birefringent elements during contraction appears to be unique to smooth muscles.
The techniques used in this study permit one to determine orientation of filaments before contraction and after completion of contraction.
However, they do not provide information about the orientation of filaments during contraction, An earlier study (16) used a technique involving a compensating plate which imparted a blue color to birefringent elements in one plane and a yellow-orange color to elements in a perpendicular plane (36). Results from this technique were not included in the present paper due to the prohibitive cost for figures in color, but the study showed that during contraction disappearance or diminution of birefringence in a plane parallel to the cell axis was partially accounted for by an increase in birefringence in the perpendicular orientation (16). The shift in orientation occurred only in the portion of the cell which was shortening.
Thus, there appears to be a continuous change in the orientation of birefringent elements (presumably filaments), from being nearly parallel to the cell axis in relaxed cells, to greater than 45" to the cell axis at the end of a maximal contraction.
Phase-Contrast Microscopy
Although some relaxed cells showed an undulating or coiled shape, all contracted or contracting cells showed this characteristic.
The fact that unresponsive cells often showed this same characteristic ( Fig. 4D-F) is probably due to a state of rigor in these cells. The progressive increase in the coiling of the end of a shortening cell (Fig. 6) shows that this shape is due to an active process. The changes in cell shape and internal organization seen with phase-contrast correlate with the changes in orientation of birefringence seen with polarization microscopy. It is unfortunate that phase-contrast and polarization microscopy cannot be used simultaneously upon the same cell. Since freshly isolated cells are not attached to the slide surface, it was also not feasible to do sequential photographs using first phase-contrast and then polarization optics, since the attendant change of objectives and condensers invariably led to altering the orientation of the cell. Nevertheless, it was apparent that regions of the cell that showed undulation or had undulating filamentous component with phase-contrast viewing were the regions that showed discontinuous birefringence and birefringent elements oriented at an angle to the cell axis.
Tentative Conclusions from Microscopy of Living Cells
It is useful, before discussing the results obtained with electron microscopy, to use the observations from living material to speculate upon the nature of the changes during contraction which could have led to the observations: 1) polarization and phase-contrast microscopy support a reorientation of components which are birefringent and filamentous; 2) the change in orientation of birefringent elements or filamentous component occurs only in the region which is shortening; 3) both types of microscopy used show that the axis of the birefringent, filamentous component changes with contraction such that it is more angled with respect to the cell axis after contraction; 4) the angle which birefringent elements and filamentous components make with the cell axis becomes progressively greater as contraction of a region proceeds; 5) polarization microscopy indicates that birefringent elements must make nearly 90' angles with each other at some stages of contraction (The phase-contrast micrographs are a much higher magnification so that only elements at a restricted depth df focus are sharply defined. If birefringent elements which cross are sticiently separated as to their plane of focus, crossing elements would not be apparent in phase-contrast micrographs.); 6) since filaments are the major component giving rise to birefringence in striated muscles (18), and most of the changes in birefringence in smooth muscle are due to form biref'ringence (5, 13), the changes in birefringence are probably mostly due to a change in the orientation of myofilaments in addition to the effects attributed to changes in refractive index of the interfilament medium, crossbridge angles, and spacing of parallel elements that one would expect from studies of striated muscle birefringence (18, 35).
Electron Microscopy
The evidence from electron microscopy is necessary to corroborate speculation, based on light microscopy, that there is a change in the orientation of filaments. It is also necessary as a control for effects produced by techniques utilized to isolate smooth muscle cells. Without the structure of an intact, undigested muscle cell for comparison, the observations with isolated cells would necessarily be suspect. Observations of filament orientation with electron microscopy alone should also be viewed with caution, since artifacts are likely to be introduced by the processes of fixation, dehydration, and embedding.
Despite the relatively poor preservation of filaments, as compared to that seen with mammalian preparations (8, 2 7, 28, 34), there is no doubt that must of the filaments have a different orientation in shortened muscle than in extended muscle. Although one cannot see a whole cell with TEM, the configuration of filaments is very similar to that of the filamentous component seen with phase-contrast microscopy (Fig. 5) . From evidence from either living contracting cells or preserved, shortened intact muscle, the filaments change their orientation during isotonic contraction. Some TEM studies using muscles loaded during contraction have reported that there is no change in filament orientation during contraction (7, 25) . Since our isolated cells contracted with no load and our muscle strips were contracted using as light a load as possible to make them more comparable to the isolated cells, we cannot rule out the possibility that loaded muscles are under constraints which eliminate changes in filament orientation, It is also possible that the extent of shortening was much less in the loaded preparations used in these investigations. However, all investigators studying filament orientation in isolated cells, where extent of shortening is great, have concluded that filaments become more angled to the cell's axis during contraction (10, 11, (14) (15) (16) 32 ).
Reorientation of Contractile Filaments
Although reorientation of filaments in smooth muscle cells during contraction has formerly been proposed by Fay and Delise (10, 11) and Small (32), we feel that our studies go beyond theirs. The evidence by Fay and Delise (10, 11) comes solely from electron microscopy of isolated cells, and the evidence by Small (32) comes from isolated cells which were not intact and living. In addition, both studies used only end points of contraction. Our studies have relied primarily upon living, electrically responsive cells, whose contractions were recorded continuously to provide intermediate stages as well as end points of contraction. Use of preserved material has been used only to identify the filaments as the birefringent entity whose orientation changed.
Information from both living, isolated cells and preserved intact muscle lead to the conclusion that myohlaments are oriented nearly parallel to the cell axis in extended cells, whereas contracted cells have their filaments oriented at a variable angle during contraction, with an orientation greater than 45" to the cell axis being achieved in maximal contractions, It is further concluded that the orientation is never random, except possibly in maximum shortening of isolated cells, a degree of shortening probably never achieved in the intact muscle (2).
Since changes in cell shape parallel changes in orientation of filaments, one could ask the question: "does the reorientation of filaments change the cell shape, or does cell shape change lead to reorientation of filaments?" Speculation on this point is beyond the scope of the present paper. It is interesting to note, however, that in cases in which a filamentous component can be discerned, the apparent undulation of this component often has sharper bends than the bending of the cell axis (Fig. SC) . The undulation or coiling of the cell and its filaments appears to be consistently related to contraction. We do not feel that this configuration is an artifact as Fischer did (13), but rather that it is an indication of how filaments are organized and the directions in which forces are generated within the cell.
It is suggested that the contractile filaments are arranged in a simple, fairly regular three-dimensional pattern which leads to the reorientation of filaments and a consequent change in cell shape during contraction. Specific three-dimensional models which are consistent with the observations in this study will be published elsewhere. 
